There have been a small number of cost studies of Voice over IP (VoIP) in the academic literature. Generally, they have been for abstract networks, have not been focused on the public switched telephone network, or they have not included the operating costs. This paper presents the operating cost portion of our ongoing research project comparing circuit-switched and IP network costs for an existing local exchange carrier.
INTRODUCTION
Voice over IP has garnered substantial attention from the trade press, regulators, and industry analysts. Some have asserted that VoIP is a form of regulatory arbitrage, implying that it will disappear as soon as regulatory treatment of different communications forms disappears. Others scope of our study. In the second module, we reviewed the existing cost models of PSTN and IP network. The third module deals with the network related issues such as network architecture, components, and operation & management (OAM)) based on actual existing networks: an ILEC and PittNet (University of Pittsburgh IP network). The operating costs of circuit and IP network will be analyzed in the fourth module. 
Network Evolution
To further motivate this paper, it is useful to briefly describe the context in which this potential transition will take place. Much of this is driven by a vision of the future in which multimedia applications require voice, video, and data in combinations that are just being discovered by the industry. In telecommunications, technical convergence refers to a single technical infrastructure that can handle all of these streams on a single network rather than on multiple special purpose networks. [2] [3] [4] 
Broadband Service
Another key driver for the future network is the provision of broadband services. The most costly aspect of this by far is the so-called last mile. . Thus, the local access network is often the bottleneck for the rollout of broadband services. [5, 6] By 1999, consumers and businesses had an insatiable demand for high-speed access to the Internet and various other networks. [5] The solutions that emerged for broadband access are DSL (digital subscriber line) [7] , cable modem and satellite [4] .
These technologies can support high-speed data services [8] (e.g. broadband services) and access directly into the Internet without having to use the conventional telephone network (PSTN).
Since the existing central office infrastructure (voice-centric network) represents a large investment, the local exchange carriers (LECs) are unlikely to replace it with a data-centric network any time soon. Instead, the PSTN has been evolving from basic circuit-switching functionality to include more advanced network capabilities based on the advanced intelligent network (AIN). [9, 10] The PSTN is gradually becoming more data-centric with high-speed access (DSL in the local loop) and deployment (optical transport by wave division multiplexing).
Switching Architecture
As IP-based technologies have evolved, network users have found new uses for them: for example, IP technologies can transmit video as well as voice. The trend to carry voice telephony connections over the Internet has become one of the major revolutions in the modern telecom industry. Many companies including traditional telcos have made large investments towards implementing high-speed packet technologies in their networks, especially Class 3 and 4 switching. [10] This is evident in the evolution of the "softswitch" technology. Here, network hardware is separated from network software [9, 11, 12 ] (see . In traditional circuit switching equipment, hardware and software are not independent; they rely on dedicated facilities for interconnection and are designed primarily for voice communications. Packet based networks, such as those that use the Internet Protocol (IP) , route voice and data over diverse routes and shared facilities. 
COSTING MODELS: AN OVERVIEW

PSTN Cost Models
Several approaches have been used to estimate network costs in the traditional telephone network (PSTN), but the two most common approaches are the top-down approach and the bottom-up approach. [13] . [14, 15] A top-down approach (or accounting approach) uses the actual accounting data of an operator, and allocates costs to different services based on the relationship between costs and services. Typical of this approach is the FCC Part 36 rules (jurisdictional separations procedures)
based on the Unified System of Accounting (USOA).
In contrast, a bottom-up approach (or engineering/economics approach) involves the development of engineering-economic models in order to calculate the costs of the network elements required to provide particular services, assuming modern technology and efficient methods of operation. The typical example is a COnstructive COst MOdel (COCOMO), which is a well-known model used in software cost and schedule estimation. [16] These two approaches can be used together in a hybrid (or mixed) approach. An example of this is the long run average incremental costs (LRAIC) method. [16] In this method, the accounting data provided by the operator is used to value current equipment according to a current cost method; this includes the predictable network upgrades according to a pre-determined plan. Meanwhile, a technical-economic model is used to design an optimal network that an operator could build using the best available technology to meet the current demand.
An example of LRAIC is found in the FCC's First Order [17] implementing the Telecommunication Act of 1996, when they specified the TELRIC method. This is a specially designed cost methodology that draws on accounting data (a top-down approach), economics & engineering information (a bottom-up approach) to perform cost analysis. The engineering economics provides a fully costed, forward-looking incremental cost of service, and the accounting data provides the asset and expense information classification system. In a sense, TELRIC is a traditional fully distributed cost methodology, but it distributes forward-looking costs, not actual cost from accounting records (see, for example the HAI Model. [18] ).
IP/VoIP Network Cost Models
Since Internet Service Providers (ISPs), unlike traditional telcos, are not regulated, no uniform formal cost model exists (such as the FCC's). At present, several cost models concerning ISPs' network and VoIP network are introduced as follows.
Mackie-Mason & Varian's Model
Mackie-Mason & Varian [19] identify five types of costs that occur in computer networks (IP network). First is a fixed cost of providing the networking infrastructure. Second is an incremental cost of connecting to the network, which is usually paid by the user in the form of a connection cost.
Third is the cost of expanding the network's capacity (congestion cost). Fourth is the incremental cost of sending an extra packet. Finally, the transmission of a packet invariably leads to a delay in other users' packets. This externality should be considered a social cost. A number of these costs are analyzed for the Internet in [20] .
Leida's VoIP Model: ITSP Model
Leida [21] used a hybrid approach, which is mixed top-down approach and bottom-up approach.
That is, the model used an ISP's present cost (top-down approach) as an IP network costs and quantified the impact of Internet telephony on these costs (bottom-up approach). The CMIT model [22] 
ISPC (ISP's Cost Model using Gateway) Model
Andrew Sears [24] assumed that an ISP has a telephone gateway. So, if ISPs offer voice access across the Internet, it is likely that the costs to do so would be similar to the cost of providing data 
CASE STUDIES
General
In this section, we present the results of our studies of the two actual networks that form the basis of the conclusions of this research. As mentioned above, we collected detailed cost and configuration data from a 75,000 line ILEC and from the University of Pittsburgh's IP network. To compare these networks, we focus on per line (or per node) analysis. Note that this assumes that operating costs scale linearly; we have not tested this assumption.
In supporting its operations, the University of Pittsburgh maintains a circuit switched voice network and an IP-based data network. Even though PittNet separates voice and data handling, the IP portion can be useful to model an IP telephony network model because the IP network structure itself is does not change much when voice functionality is added. Later in costs analysis, these added costs are included as spare costs. So, we assume that PittNet can support telephony services over its IP packet infrastructure with the same call control and quality of service (QoS) across the network.
The ILEC that we study is capable of providing Digital Subscriber Line (DSL) throughout its service area. It also has a division that provides competitive local exchange service and another that sells equipment. Since we focus on the direct operational cost of switching, we ignore the problems of attributing the indirect costs of managing this multitude of divisions.
The ILEC Network
Network Description
The LEC we are using as our case is a medium sized independent telephone company. It provides local network services as an ILEC and has CLEC, telecom equipment sales, internet access and web hosting, and long distance. It has invested heavily in developing an infrastructure that is modern and capable of providing a wide array of telecommunications services. Like many independents at the beginning of the current competitive era, the LEC had a combination of old Step-by-Step and early generation digital switching systems; their switching plant was fully digital by the late 1980's. 
Central Office (CO)
Approximately 60 to 85 percent of the interior space in a telephone equipment building consists of equipment areas. These are large, usually windowless, partitionless rooms designed to contain the equipment, the appropriate cable support systems. The major functions of the CO are:
-To connect between users by central office switches (messaging)
-To route calls onto digital trunks (switching)
-To provide billing information by using call detail records (CDRs).
-To provide management information, such as alarming, usage, etc. 
Switching System
Hardware
Software
The complexity of the switch software, coupled with the inherent lack of flexibility and control over its capabilities by the service providers, led to the inception and deployment of intelligent network (IN). [25] Traditionally voice-switching applications have been proprietary software running on switch hardware. That has typically meant long waits for service providers that wanted new applications to differentiate their services. They were basically at the mercy of their switch vendors, who could roll out new software enhancements at their leisure.
The DMS system software policy (PCL; product computing module load) is life-cycle system, which is upgrade periodically with two years circular periods.
[26] Figure 3-3 shows the software life-cycle of the DMS SuperNode system. A DMS system is upgraded smoothly from an existing release to a more current production or active software release. For example, seen in Figure 3 -3, a system can upgraded from one release to the next, or skip one release (release 1 to release 3), or skip two releases (release 1 to release 4). 
Network Operation
The evolution of network operation occurred mainly in the switching and transmission systems.
For the most part, network operations systems were automated from operations that were previously performed manually by the telephone company employees. The generic network operation categories are: customer Services, service provisioning, network operations, planning & engineering, procurement. [27] (1) Customer Service Activity
Customer service activity includes to receive customer requests and to assign them to related departments in the business office. Before assigning them, the department checks cable records and then write service order.
(2) CPE Management Activity CPE management activity includes visits to the customer premises for the installation and repair department.
(3) Service Provisioning Activity
Service provisioning activity includes all the activities associated with a service order, from receiving the customer service requests to the actual service turn-up at the completion of the verification. In case of the LEC, the outside plant department (OSP) and network engineering department carry out these functions. Upon receiving facilities improvement request from another business department, the OSP department begins to work according to following steps: engineering, designing, installing, testing, inspection and turn-up, building in service area, recording.
(4) Network Engineering Activity
At the same time, the network engineering department also receives a facilities improvement work order such as transmission equipment and special services (FX circuits, data circuits, etc.) from a business department, which then engineers and plans the implementation. S o n e t S o n e t M a n a g e r D S L D S L M a n a g e r A T M A T M M a n a g e r F ra m e R e la y F R A M E R e la y M a n a g e r B a c k u p S e rv e r D M S M a n a g e r A la rm M a n a g e r 
N e t w o r k L a y e r D a ta L in k L a y e r A p p lic a tio n L a y e r D A C S T e s te r
Network Description
At present, University of Pittsburgh is converting to a fiber-based Gigabit Ethernet backbone network known as PittNet. It provides service to 32,000 undergraduate, graduate students, and over 9,000 faculty & staff. It is comprised of more than 22,000 Ethernet and serial ports and 800 modems.
It is constructed using routers, switches, and other networking equipment from Cisco Systems. A limited number of switches and hubs from other vendors are also supported. The Regional campuses connect to PittNet with frame relay or T1 links. The Bradford campus is connected by a frame relay link with a 1024 Kbps committed information rate (CIR). The Greensburg campus is connected by a T1 link that is half voice and half data. An order has been placed for an additional T1 link that will provide one dedicated T1 link for voice and one for data. This configuration is needed at the Greensburg campus to support the ports in the residence halls. The Johnstown campus is connected using a frame relay link with a 1024 Kbps CIR. The Titusville campus is connected using a frame relay link with a 768 Kbps CIR. These low speed connections to the Regional campuses require many bandwidth intensive services to be replicated on the individual campuses.
Computing Services and Systems Development (CSSD)
Computing Services and Systems Development (CSSD) provides the network infrastructure and telecommunications backbone for the University. CSSD operates the Technology Help Desk, which is available 24 hours a day, 7 days per week. It provides troubleshooting, problem resolution, and answers to the questions on a variety of information technology issues. Students have access to computing resources and services via six university computing labs.
Network Operation and Management (OAM)
Network Operation
Network operation and customer services include the development of a centralized trouble desk staffed by first-level support staff, who will resolve simple technical questions and route medium or complex problems to appropriate personnel for fast resolution..
Network Management
Hewlett-Packard's OpenView product has been selected as the network management system for PittNet. Veritas' Nerve Center product has been selected for event correlation. And also Landmark's Performance Works software has been selected and will be deployed across computing platforms.
PittNet's network management is distributed system management. The implementation of network management protocol is SNMP. It is a protocol to manage the same components of the network and to transfer management information over the network. It has also very simple architecture. Adoption of a single protocol network simplifies router configuration and enhance the reliability of the network. The single protocol to be routed is TCP/IP, an international standard for network transport.
COST ANALYSIS
General Assumptions
We implicitly assume that circuit-switched network (PSTN) has different cost characteristics than packet-switched network (IP network). In particular, we assume the following:
• All the switches and routers in the service areas are equipped with QoS-support functionality.
• Both networks maintain enough redundancy to guarantee reliability of communication (e.g., below 1% blocking rate).
• Geographical distance doesn't have much influence on the network operating costs.
• Software upgrade for network operation and management occurs periodically with a certain interval and its cost occurs proportionally.
• Both networks are managed by appropriately skilled staff to deliver support services efficiently -i.e. not using under-or over-skilled staff.
• Both networks are carried efficient processes for the operation of the support and management function.
• The management tools are appropriate to the operational tasks. 
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Source: FCC Stable High Non-Network Costs GTE and five RBOCs. Even though they are only six telcos, their influence on the costs are substantial (nearly 50%). We further separated this "removed outlier" group (6) into two groups: the large-size group (24) and small-size group (22) by considering subscriber, employees and sales to investigate whether size influences operating costs. We interpret the results (see table-1) as follows:
• First, the average operating cost between total group (51) and the "removed outlier" group (46) is not very different. The main reason is that the relationship between operating costs and the cost drivers (subscriber, employees, and sales) are purely linear (as seen in the above).
• Second, there is a large difference between large-size group (24) and small-size group (22) in the average operating costs. We called it "size effect'. This size effect occurs because the initial fixed operating costs are large compared to additional operating costs, even though the operating costs are linear with cost drivers. Table 4 -2 shows the result of estimated operating costs using the regression model, which is estimated using traditional telephony industry data. The cost data of the ILEC under study was put into the estimated regression formula. An ILEC is one of the small-size groups in the above and actual operating costs of the ILEC, as of 1999, was 25 million dollars. As a result, we conclude that the ILEC's operating costs are explained well by subscribers. Based on the LEC's cost data, we observe and conclude the following:
• The total operation costs were approximately $25 million per year (three-year average costs from 1997 to 1999).
• Operating costs per subscriber per year is about $337. This amounts to $28 per subscriber per month, and is not differentiated by service type.
• Operating costs per employee per year is about $99,383.
• Equipment oprating costs are about 6% of total equipment costs. Of them, 3.2% is labor costs (1%: transmission and 2.2%: switching) and 2.8% is training, vehicles, software, spare cards, etc.
• Customer service costs are the main components of operating costs. They comprise approximately 24% of total operating costs (except for depreciation costs).
• Network related operation (CO switching and transmission) costs are about 22%.
PittNet (University of Pittsburgh IP Network)
Figure 4-4 shows a cost structure of PittNet in 1999. The cost structure of PittNet is quite different from that of the LEC's network. One significant reason is that the school follows accounting rules of non-profit organizations. Another reason is that, unlike an ILEC, the University is not commercial.
So, customer service (student service) portion is very small (only 6%), but the ILEC's is about 24%
(the highest portion of operating costs). Based on PittNet's cost data, we make the following conclusions and observations:
• The average total costs for the operation and maintenance of plant were approximately $21,620,000 per year (three-year average costs from 1997 to 1999). This ranged between $19,845,000 and $23,292,000 per year, depending on the scale and complexity of the network, and type of network. This is equivalent to approximately $720 per node of total operating costs • Equipment operating costs for PittNet are lower than those of ILEC. The reasons appear to be that PittNet tends to be a relatively simple LAN-based network.
• Staff costs are the main components of operating costs. They comprise approximately 39% of total operating costs (except for depreciation costs). Further, some of the staff costs were hidden through the use of teaching staff to support the networks on a part-time basis. For PittNet, this amounts to $8.43 million per year and $281 per node.
• Operation and maintenance costs of plant are about 3%. This is equivalent to $648,600 per year, or $21.60 per node.
Comparison of the Data
The three main operating costs in networks are hardware (equipment), software and people (network operation & management). So, next section deals with these three cost drivers for the comparison of both networks, an ILEC PSTN and PittNet.
Hardware
The ILEC's switch (DMS SuperNode System) is manufactured by a single vendor who guarantees interoperability among components. Further, although the ILEC has remote switching modules (RSCs --remote switches and RLCMs --remote line concentrating modules), the network has a substantially centralized architecture. While routers in PittNet have distributed and decentralized network environment, which is characterized primarily by its topological features and client-server organization. Both the switch-based network (ILEC) and the router-based network (PittNet) are modular in design, but the switch is limited because its architecture is integrated, which means that each module is interdependent. This means that whole in the system must be changed, even if only some modules need to be adapted to a new application or use. This descriptive analysis coincides with the following quantitative results concerning the equipment's maintenance costs, which is related to the network hardware (physical) architecture.
(1) In the case of the ILEC, the average annual maintenance costs of equipment are 6% of total equipment acquisition costs. The ILEC has two switches with an acquisition cost of approximately one million dollars each. So, the maintenance costs for switches in an ILEC is roughly $120,000 per year. (6% × $2,000,000) (2) In case of PittNet, Table 4 .3 shows the maintenance costs of routers, which are based on data provided by the network administrator of PittNet. Catalyst 6500 is used in big hub sites and large building entrances. The 3508 router is used in small building entrances and the 3548 routers are switches that will be in closets, whether the building is large or small. The 2600 router is the smallest router in PittNet.
Types
Catalyst 6500 3548 3508 2600 Amount $6,500 $475 $895 $392 Table 4 .3 Maintenance costs of Routers As of 1999, Table 4 .4 shows the number of router in PittNet. To be conservative, we assume that the maintenance costs of equipment not listed will be about the same as the next higher newgeneration equipment (until better data are available). For example, we assume the maintenance costs of Catalyst 5505 will be $6,500. From the above data , the total maintenance costs of the routers used in PittNet is about $78,392, or $2.61 per node. This compares to the equivalent cost for the ILEC of $120,000, or $1.60. 
People
The ILEC has 25 employees related to switching as of 1999. From regulatory data, we compute the average salary to be about $58,814 per person per year. Thus, we estimate that total network management personnel costs is $4,411,050, or $58.80 per station. In PittNet, the average salary of technical employees is about $58,284. There are 6 people working directly on networking issues, resulting in personnel costs of approximately $350,000, or $11.60 per node 1 . There are other mitigating factors that would have to be considered as well, however. In a transition to VoIP, the customer service costs are likely to be much higher because:
Summary of Results
• It is not at all clear that the services and features that VoIP will provide will be identical to those currently provided by the PSTN. Thus, additional resources will be needed to describe, educate, and assist customers with the new procedures.
• Problems are likely to be encountered in the transition that will cause confusion for customers.
• It is likely that some customers will opt for IP telephones and eschew the gateway, while others will continue to use their same customer premise equipment through the gateway. This means that customer service has to be capable of providing support for both classes of devices.
Implications and Concluding Remarks
Our results are based on a pure substitution scenario (where VoIP simply replaces circuit switching, no more, no less). Thus, the customer service and outside plant factors are largely unaffected (in the steady state) by the difference of switching technology. Further, the substantial majority of a telco's operating cost lies in customer service and outside plant maintenance: of an overall operating cost of approximately $25M, the switching-related costs are roughly 24% ($6M) for the LEC. So even if the cost differences for substitute services were large, the overall impact on the telco's financial performance might not be significant.
In conclusion, we conducted a study focused on the operation of circuit-switched and IP networks especially operational efficiency and operating costs. Our study was implemented by investigating actual networks, the LEC and PittNet. Although our results cannot be generalized to the industry as a whole, it is meaningful as a first step to investigating the actual operating costs of circuit-switched and IP networks. We will continue this research by focusing on the migration issues faced by the LEC. In particular, we will focus on the systems needed to provide quality of service.
